uNcuimrio 


AD-A191  142 


ft.  v»,  j 

!•  J  *  i  A  .  .  • 

TRANSPARENT  GLASS  CERAMICS  DOPED  BY  CHROMIUM{ III) 

AND  CHROMIUM(III)  AND  NEODYMIUM ( III )  AS  NEW  MATERIALS 
FOR  LASERS  AND  LUMINESCENT  SOLAR  CONCENTRATORS 


Research  supported  by  U.S.  Army 
under  contract  No.  DAJA  45“85’C-0051 


Intermediate  Report 

1.10.86  -  30. ^.87 


Submitted  by 


Professor  Renata  Reisfeld 
Department  of  Inorganic  and  Analytical  Chemistry 
The  Hebrew  University  of  Jerusalem 
Jerusalem  91904  Israel 


j  { 

^,.l.£CTEI 
FtBl  t 


European  Office  of  the  U.S.  Army 
223/231  Old  Marylebone  Rd. 

London  WCl  5TH 
England 


Army  Materials  and  Mechanics 
Research  Center,  Watertown, 
Massachusetts  02172 

U.S. A. 


cv;«  W  bMa  OipfMnvvdf  | 

xfJ/xaAT  god  mdm  M  j 


n  « •> 


This  work  was  performed  together  with  Alla  Buch.  Mehdi  Bouderbala,  Georges 
Boulon,  Moshe  Ish-Shalom,  Anna  Kisilev,  Anne-Marie  Lejus  and  Vincent 
Poncon. 


-  3  - 


CONTENTS 

Page 

4  Abstract 

5  Cr(III)  in  gahnite-containing  transparent  glass  ceramics: 
Influence  of  melting  conditions  and  heat  treatment  on 
crystallization  and  spectroscopic  properties. 

19  Laser  spectroscopy  of  chromium (III)  in  magnesium  aluminate 
spinels  and  transparent  glass-ceramics. 

28  Laser  spectroscopy  of  chromium{III)  in  gahnite  crystals  and 

transparent  gahnite-type  glass-ceramics. 


-  - 


ABSTRACT 

Transparent  glass  ceramics  with  Cr(III)  were  obtained  by  different 
thermal  treatment  of  glass  with  composition  (mol%)  73*6  Si02^  11.8  Al202f 
4.2  Li20,  7.0  ZnO.  1.6  Ti02,  1.5  Zr02,  0.3  0.024  Cr202,  melted 
under  various  conditions.  Parallel  measurements  of  X-ray  diffraction, 
optical  and  EPR  spectra  reveal  the  different  formation  of  gahnite  f rom 
precursor  glass  or  petalite-like  phase. 

Laser  excitation  was  performed  for  different  wavelengths  on 
Cr^  -doped  transparent  glass-ceramics  of  the  composition  (mole^)  Ac 

(58.7  Si02,  16.7  17.8  MgO,  6.7  Ti02.  O.O3  Cr20^)  and  Be  (49.1  Si02. 
19.7  A1  0  21.9  MgO,  6.0  TiO  3.2  ZrO^,  0.03  Cr  0-),  and  in  synthetic 
crystals  of  composition  MgAl20^  (Cr'^  )  ,  Mg2TiO^  (Cr*^  )  and 
Mgi  2"^^!  6^4  Analysis  of  the  emission  spectra,  excitation 
spectra  and  decay  curves  at  4.4  K  and  room  temperature  reveals  that  Cr^ 
is  essentially  situated  on  distorted  single  sites  and  in  pairs 
exchanging  Al^  ions  in  the  crystaline  phase  of  glass  ceramics. 

Laser-excited  emission  spectra  and  decay  curves  of  Cr^^  in 
gahnite-type  glass-ceramics  are  compared  with  those  in  gahnite  crystals. 
The  nature  of  the  Cr^^  sites  is  determined  from  the  positions  of  the 
emission  and  excitation  peaks  and  from  measurements  of  the  decay  times. 
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CR(lIl)  IN  GAHNITE  CONTAINING  TRANSPARENT  GLASS  CERAMICS:  INFLUENCE  OF 
MELTING  CONDITIONS  AND  HEAT  TREATMENT  ON  CRYSTALLIZATION  AND  SPECTROSCOPIC 

PROPERTIES* 


A.  Kiselev  and  R.  Reisfeld^^ 

Department  of  Inorganic  and  Analytical  Chemistry 
The  Hebrew  University  of  Jerusalem,  Jerusalem  91904  Israel 
A.  Buch  and  M.  Ish-Shalom 
Israel  Ceramic  and  Silicate  Institute 
Technion  City,  Haifa  32000  Israel 


Abstract 

Transparent  glass  ceramics  with  Cr(III)  were  obtained  by  different 
thermal  treatment  of  glass  with  composition  (M^c)  TS.GSiO^,  II.BAl^Oj, 
A.ZLijO,  7.0ZnO,  1.6Ti0j,  1.5Zr0j,  O.SAs^Oj,  0.024Cr203,  melted  under 
various  conditions.  Parallel  measurements  of  x-ray  diffraction,  optical 
and  EPR  spectra  reveal  the  different  formation  of  gahnite  from  precursor 
glass  or  petal ite-1 i ke  phase. 

Introduction 

In  a  number  of  recent  papers  [1-5]  unique  spectroscopic  properties  of 
Cr(lll)  in  transparent  glass-ceramics  were  discussed.  The  conditions  of 
preparation  for  each  type  of  glass-ceramics  were  kept  constant.  The  ex¬ 
tent  by  which  the  conditions  influence  crystal  formation  and  spectroscopic 
properties  and  reproducibility  of  results  for  given  conditions  is  of 
utmost  importance  in  designing  of  transparent  glass-ceramics.  It  is  the 

*  Supported  by  U.S.  Army  Contract  No.  DAJA  45-85-C-0051 

**Enrique  Berman  Professor  of  Solar  Energy 
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purpose  of  the  present  paper  to  examine  the  influence  of  the  melting  and 
heat  treatment  conditions  on  optical  and  EPR  spectra  of  Cr(III).  Further  on 
the  parallel  changes  of  spectra  and  x-ray  diffraction  patterns  are  indica¬ 
ted. 

The  gahnite  type  ceramics  in  which  Cr(III)  has  the  highest  quantum 
efficiencies  was  chosen  for  this  study. 

Experimental 

The  raw  materials  used  for  precursor  glasses  were  sand  STibelco 
(99.8*  SiOj),  Alcoa  A-16SG  (greater  than  99.5  wt.*  of  Al^Oj)  and  high 
purity  oxides  as  a  source  for  additional  components. 

Glasses  were  melted  in  corundum  crucibles  in: 

1.  an  electrical  furnace  SM-12;  2.  a  vertical  gas  furnace.  The  melting 

conditions  are  given  in  Table  1.  Glasses  were  poured  into  a  steel  mold  and 
put  in  a  preheated  up  to  65[fC electrical  furnace  for  annealing.  The  furnace 
was  immediately  turned  off  and  glasses  cooled  at  the  cooling  rate  of  the 
furnace. 

Heat  treatment  of  glasses  was  carried  out  in  an  electrical  furnace. 

The  temperature  was  raised  at  the  rate  of  3°-5°  min"^.  The  heat  treatment 
temperatures  and  durations  are  given  in  Table  2.  After  heat  treatment  sam¬ 
ples  were  cooled  at  the  cooling  rate  of  furnace.  10xl0x3rm  plates  were 
cut  and  polished. 

X-ray  diffraction  of  powdered  samples  was  done  using  CuKa  radiation 
with  Ni-filter  in  a  Philips  diffractometer.  Repeated  experiments  proved 
the  reproducibility  of  results. 

Absorption,  emission  and  excitation  spectra  and  quantum  efficiencies 
were  measured  as  in  [4]. 

EPR  derivative  spectra  were  taken  on  Varian  E-12  at  9.09  GHz  using 
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power  of  lOmW.  Magnetic  field  H  was  varied  between  500  and  4500G. 

All  measurements  were  carried  out  at  room  temperature. 

Results  and  Discussion 

The  determination  of  crystalline  phases  from  x-ray  spectra  is  done 
by  comparison  with  the  standard  tables  of  crystals  using  ASTM  diffraction 
file,  The  interpretation  of  electronic  levels  from  which  the  transition 
takes  place  is  based  on  our  previous  papers  dealing  with  spectroscopy  of 
Cr(III)  in  glass  ceramics  [1-5],  The  main  conclusion  is  that  the  absorption 
of  the  first  band  is  due  to  ‘'A  T^  ,  the  wide  emission  around  830nm  results 
from  ■'Tj  -►‘•A  distorted  octahedrally  Cr(III)  sites  at  low  ligand  field,  the 
narrow  emission  around  700nm  from  single  Cr(III)  at  high  field  strengths 
[6]  and  the  emission  peaks  700-730nm  are  due  to  antiferromagnetical  ly 
coupled  Cr(III)  pairs  [1,2, 7 ,8].  The  EPR  spectra  in  glasses  are  explained 
according  to  the  paper  of  Landry  et.  al ,  [10]  who  performed  a  thorough 
analysis  of  EPR  spectra  of  Cr(III)  in  glass  and  attribute  the  diffusive 
absorption  at  100C-1500  Gauss  to  distorted  octahedrally  coordinated 
single  Cr(III)  ions  [6,9  -  11].  The  EPR  spectra  in  the  crystalline  phase 
are  explained  by  analogy  with  the  work  of  Durville  et.  al.  [9]  who  attri¬ 
bute  the  sharp  absorption  at  1580  Gauss  to  Cr(lII)  in  high  symmetry  sites 
of  the  crystalline  phase.  The  appearance  of  146CGMarrow  peaks  in  all  samples 
is  due  to  the  Fe(III)  impurity  [12]. 

The  chemical  composition  of  the  samples  prepared  is  identical  with 
the  previously  studied  gahnite  glass-ceramics  (M*)  [1];  73.6  SiO,-,  11.8  AI^Oj, 
4.2  Li,0  ,  7.0  ZnO,,  1.6  TiO^,  1.5  Zr02 ,  0.3  As^Oj,  0.024  Cr^Oj. 

While  the  basic  composition  is  the  same  for  all  the  samples  we  have 
changed  the  preparation  procedure  for  the  individual  samples  as  detailed 
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in  Tables  1  and  2.  The  numbers  1,2  and  3  in  these  Tables  refer  to  the 
melting  conditions  and  the  subscripts  to  the  thermal  treatment. 

X-ray  spectra  of  the  samples  together  with  the  previously  studied 
sample  4  are  presented  in  Fig.  1.  The  crystalline  phases  are  listed  in 
Table  2.  Emission  spectra  under  various  excitations  are  shown  in  Fig.  2. 
Since  the  fluorescence  intensities  depend  strongly  on  the  nature  of  the 
crystalline  phase  a  change  in  scale  should  be  noted.  Excitation  maxima  and 
corresponding  quantum  efficiencies  are  given  in  Table  3.  Representa¬ 
tive  EPR  spectra  of  glasses  1  and  4  and  of  glass-ceramics  li-'lj,  4,  5 
(containing  only  6-quartz)  and  undoped  glass  and  glass-ceramic  are  given 
in  Fig.  3.  In  sample  4  the  three  phases  gahnite,  6-quartz  and  zirconia 
are  crystallized  in  all  heat  treatment  conditions.  In  contradiction  in 
the  remaining  species  the  initial  petalite  phase  (Fig .  1  (1  i,2i , 3^) i s  trans¬ 
formed  into  gahnite  with  increased  heat  temperature  (1j-33)  while  the  6- 
quartz  remains  unchanged. 

The  relative  quantity  of  gahnite  in  each  treatment  can  be  deduced 
from  the  x-ray  pattern.  In  the  series  ^^-2^  the  highest  quantity  of  gahnite 
was  observed  in  1j  while  in  the  other  samples  only  traces  of  gahnite  could 
be  found.  The  additional  heat  treatment  at  910°C  (la-Sj)  results  in  further 
increase  in  the  gahnite  phase.  The  most  defined  crystals  are  found  in  I3 
(Fig.  1)  w^iile  23  and  33  reach  the  same  amount  of  crystallization  as  1^. 

We  have  shown  recently  that  ZrOj  with  coordination  number  of  8  cannot 
incorporate  Cr(III)  [4].  In  B'^uartz  both  the  emission  (Fig.  2(1i^i,3))  and 
EPR  spectra  (Fig.  3(1i))resemble  those  of  Cr(III)  in  glasses,  the  only 
difference  being  higher  quantum  efficiency  which  is  the  result  of  higher 
ligand  field  in  the  crystals  as  shown  by  the  shift  of  ‘'Aj-‘*T;  absorption 
and  emission  bands  to  higher  energies. 
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Of  all  the  glass-ceramics  containing  gahnite  we  have  already  shown 
that  I3  has  the  best  quality  crystals,  and  the  second  best  being  l^,  23,  83 . 
These  findings  are  also  confirmed  by  emission  and  EPR  spectra. 

In  I3  and  to  a  lesser  extent  in  1^,  23  and  83  the  emission  is 
characteristic  by  its  fine  structure,  typical  for  gahnite.  In  I3  the 
resolution  of  the  emission  is  better  than  in  previously  studied  4.  In 
addition  to  these  well  resolved  peaks  around  700nm  there  is  an  additional 
emission  at  735  due  to  pairs  in  crystalline  sites  [4,  13  -  15].  No  ‘'Tj 
emission  is  observed  when  excited  at  550  nm.  The  structure  of  ^E  emission  in 
the  gahnite  is  more  distinct  in  the  well  crystallized  phase.  We  come  to 
the  conclusion  that  the  previously  observed  ‘‘T^  emission  [1]  in  equilibrium 
with  ^E  arises  from  distorted  sites  but  is  absent  when  a  well  defined 
crystallization  takes  place.  In  samples  1^,,  2^,  33  the  crystallization 
is  less  defined,  with  lesser  resolution  of  the  ^E  and  simultaneous  presence 
of  ‘'T^  emission.  The  distribution  between  ^E  and  ‘‘T^  is  in  favor  of  the 
latter  in  more  distorted  sites.  A  similar  picture  is  obtained  from  excitation 
spectra.  The  EPR  spectra  are  in  accordance  with  the  above  optical  spectra. 

The  highest  quantum  efficiency  (Table  3)  of  1  is  obtained  from  ^E 
in  the  best  crystalline  sites  (I3,  4).  On  the  other  hand  in  the  distorted 
sites  the  quantum  efficiencies  from  ^E  are  lowered  but  from  ‘‘T^  increase, 
indicating  a  thermal  equilibrium  between  the  two  levels  (Ij,  23,  33). 

The  above  facts  can  be  explained  as  follows:  Contrary  to  sample  4 
which  was  prepared  in  an  electrical  oven  in  small  quantity  (100  gr)  the 
samples  discussed  in  the  present  work  were  melted  in  a  furnace  in  much 
larger  quanti ties(  1 0OC  gii) •  It  is  therefore  the  heat  capacity  which  influences 
the  rate  of  cooling,  heating  and  temperature  gradient  which  decides  the 
thermal  history.  That  the  atmosphere  is  not  reducing  is  concluded  from 
the  absence  of  Ti(IlI)  [16,17].  In  the  first  step  the  glass  is  formed. 
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which  after  heating  to  750“C  undergoes  phase  separation.  Under  additional 
heat  treatment  the  glassy  phase  rich  in  SiO^  forms  B-quartz, while  the 
phase  in  which  the  concentration  of  cations  prevails  forms  a  thermody¬ 
namically  metastable  petalite-1  ike  phase.  The  latter  after  further  heat 
treatment  undergoes  a  change  to  the  more  stable  gahnite  phase.  Both 
petalite  and  ghanite  are  rich  in  cations.  Since  gahnite  is  formed  here  from 
the  crystalline  phase,  the  crystallization  is  more  defined  and  quality 
of  crystals  is  better  than  in  the  ghanite  [4].  Remelting  improves  the 
glass  [1]  uniformity  which  is  reflected  in  compositional  changes  of  coexistent 
phases  after  heat  treatment  [2.3].  The  new  petalite  phase  is  then  richer 
in  silica  and  subsequent  ghanite  formation  more  difficult. 

It  is  worthwhile  noting  that  B-quartz  appears  in  larger  quantities 
than  gahnite,  however  the  emission  of  Cr(III)  and  the  EPR  spectra  shows 
that  the  concentration  of  Cr(III)  is  much  higher  in  the  latter.  This  is 
further  evidenced  by  appearance  of  Cr(III)  pairs  which  are  known  to 
appear  at  high  concentration  [9,  10].  It  has  been  shown  [9,  12]  that 
Cr(III)  may  serve  as  nucleator  for  gahnites  and  related  spinels  where  it 
enters  the  crystalline  sites  replacing  aluniinum.  This  situation  is  thermo¬ 
dynamically  preferred  to  Cr(I]I)  in  B-quartz  where  it  can  enter  only  at 
interstitial  sites. 

Conclusions 

1.  The  crystallization  processes  in  the  gahnite  glass-ceramics  depend 
on  the  heat  treatment  schedule  as  well  as  on  the  thermal  history  of 
the  precursor  glasses. 

2.  The  spectroscopic  properties  depend  on  the  type  and  quality  of  the 


crystalline  phases. 
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3.  The  structure  of  the  emission  depends  exclusively  on  the  quality 

of  the  gahnite  crystals.  The  ratio  of  emissions  from  ‘‘T^  and  levels 
in  glass-ceramics  is  determined  by  relative  distribution  of  Cr(]I]) 
ions  betv^een  the  B-quartz  and  distorted  crystalline  gahnite  sites 
and  the  undistorted  crystalline  sites. 

4.  The  quantum  efficiency  of  CriUl)  strongly  increases  upon  crystalliza¬ 
tion  processes,  reaching  the  value  of  1.0  in  the  well-developed  gahnite 
glass-ceramics. 
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TABLE  1 


Melting  Conditions  of  Glasses 


I 

Assignment 

I 

melting  , 

I 

amount , 

Heating  time. 

melting 

iremeTting  i 
m.el  ting  |  the  electri 

furnace 

g 

h,to  1580° 

temperature ' 

time  ,  h  cal  furnace 

(1600°)  ' 

°C 

jat  1580* 
j  time  ,  h  • 

electrical 

100 

10 

1580 

2 

gas 

1000 

4 

1600 

3 

gas 

1000 

4 

1600 

3 

gas 

1000 

4 

1600 

3 

3 


5 
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Table  2 


Heat  treatment  conditions  and  crystalline  phases  in  gahnite  containing  transparent 
glass-ceramics. 


Assign- 

Heat  Treatment 

crystal  1 ine 
phases 

outward 

appearance 

- - 

Pefrat 

tive 

ment 

Nucleatioii 

Crystall ization 

Temp, 

('C) 

Soaking 
time  (h) 

Temp. 

(°c) 

Soaking  j  Temp, 
time  (h)j  (°C) 

Soaking 
time  (h) 

col  or 

index 

4 

1 

750° 

10 

860° 

2 

S-quartz  sc 
ZrO^  (T) 
gahni te 

/  *1  c  - 
..j  .  5.. 

green 

transparent 

1.56 

1  1 

,  2.  } 

1 

1 

1 

1 

750° 

10 

860° 

2 

- 

5-quartz  ss 
petal i te- 
like  phase 
ZrO^  (T) 

yel lowish- 
green 

transparent 

1.545 

! _ 

5-quartz  ss 
ZrO^  (T) 
gahni te 

greeni sh- 
rose 

transparent 

1.56 

2, 

1 

750° 

10 

860° 

2  890° 

2 

5-quartz  ss 
ZrO,  (T) 
gahnite 
(traces) 

yellowish- 

green 

transparent 

1.545 

3. 

5-quartz  ss 
ZrO^  (T) 
gahni te 
(traces) 

yel lowi sh- 
green 

transparent 

1.545 

I3 

rose 

transparent 

1.565 

23 

750° 

10 

900° 

1.5  910 

2 

5-quartz  ss 
ZrO^  (T) 
gahnite 

greenish- 

rose 

transparent 

1.55 

33 

1  __ 

greenish- 

rose 

transparent 

1.55 
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TABLE  3 


Quantum  Efficiencies  and  Excitation  Maxima  of  Cr(III)  ir  Unheat-treated 


Glasses  and  Gahnite  Containing  Transparent  Glass-ceramics. 


SampTe 

ixci tation 

Assignment 

Wavelength  of 

Quantum 

Wavelencth  of 

Excitation 

excitation. 

Efficiency  , 

emission  , 

maxima 

1 

X,  nm 

n 

X  ,  nm 

★ 

4 

glass 

625 

0.13 

850 

■1^25  vw 

gl ass- 

620 

0.34 

830 

'u620  vw 

ceramics 

695 

54j  ^  £20  5 

525 

1.0 

705 

1 

gl  ass 

625 

0.10 

850 

%625  vw 

glass- 

625 

0.30 

850' 

785 

a€20  vw 

ceramics 

gl ass- 
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Fig.  1.  X-ray  diffraction  spectra  of 
the  gahnite  containing  trans¬ 
parent  glass-ceramics  depend¬ 
ing  on  melting  conditions  and 
subsequent  heat  treatment. 
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Laser  excitation  was  performed  for  different  wavelengths  on  Cr" 
doped  transparent  glass-ceramics  of  the  composition  Ac  (58.7  SiO.,; 

16.7  Al^O^;  17.8  MgO:  6.7  TiO^:  0.03  Cr^O^)  and  Be  (49.1  SiO^; 

19.7  A1  0  :  21.9  MgO:  6.0  TiO  ■  3.2  ZrO  •  0.03  Or  0  )  and  in  syn- 

thetic  crystals  of  the  composition  MgAl^O^  (Cr  ),  Mg^TiO^  (Cr  ) 

Mg  ^Ti^  -^Al  ,0,1  (Cr^  ).  The  analysis  of  the  emission  spectra, 
1 .  ^  0 .  ^  1.0 

excitation  spectra  and  decay  curves  at  K  and  room  temperature 

3  + 

reveals  that  Cr  is  essentially  situated  on  distorted  single  sites 

3  ♦ 

and  pairs  exchanging  A1  ions  in  the  crystalline  phase  of 

glass-ceramics . 

Partially  supported  by  U.S.Army  contract  DAJA  45’'85“C-0051  • 
Enrique  Berman  Professor  of  Solar  Energy. 
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1 .  INTRODUCTION 

We  have  recently  studied  a  variety  of  Cr^*  doped  transparent 

glass“ceramics  in  view  of  their  importance  as  possible  materials  for 

tunable  lasers  and  luminescent  solar  concentrators  [1-4].  The  x-ray 

spectra  provide  us  with  information  about  the  type  of  the  main 

crystallite  phases  [5].  However  in  order  to  obtain  a  more  detailed 

insight  into  the  nature  of  the  emitting  Cr^  sites  a  comparison  of 

the  optical  spectra  and  decay  dynamics  between  the  transparent 

glass-ceramics  and  crystallites  is  needed.  Detailed  studies  of  the 

steady  state  spectroscopy  of  Cr^"^  in  natural  spinel  crystals  and 

related  powdered  samples  have  been  performed  by  Mikenda  and  al 

[6-9].  The -ButhcHE^  have  observed  the  R-line  of  Cr^*,  which  is 

3  *■ 

intense  at  low  Cr  concentration,  disappears  gradually  with 
increase  of  Cr^  concentration  and  is  replaced  by  a  number  of 
lines  due  to  different  groups  of  Cr^*  ions  such  as  pairs,  agglo- 
me'rates  and  distorted  single  ions  with  the  increase  in  the  degree  of 
i nvers ion . 

In  the  present  study  we  have  prepared  crystals  of  VgAl.O.  , 

^  4 

6^4  doped  by  0.1  to  It  Cr  .  The  steady 
state  emission  at  various  excitations  and  temperatures  as  well  as 
the  decay  of  f luorescerice  of  these  samples  and  of  transparent  gla.ss* 
ceramics  .Ac  (S8.7  SiO^;  I6.7  Al^O^;  17.8  Mgt);  6.7  TiO^  doped  by 
0.03  ^^2^3  19.7  Al^O^;  21.9  MgO;  6.0  TiO..,; 

3.2  ZrO^  doped  by  C.03  Cr^O^)  have  been  studied  [10].  Th(‘ 

crystal  logr'aphy  of  x-ras  analysis  of  sample  Ac  reveals  the  main 
spinel  type  phase  and  Be  the  main  petal  1  to  type  phase  [bj. 

In  addition  to  the  knowledge  gained  from  the  optical  pre^- 

perties,  the  type  of  study  described  here  is  of  impoi'tarice  ir]  deter- 
mining  the  nucleation  kinetics  [11-13]- 

2.  EXPERIMENTAL  TECHNIQUES 

Polycrystalline  samples  of  Mg^TiO^  doped  by  1  wt  %  of  Cr^^  were 

obtained  by  coprecipitation  of  stoichiometric  quantities  of  magi^e- 
sium  and  chromium  nitrates  and  titanium  chloride  with  ammonia.  Tlie 
precipitate  was  heated  to  350  C  and  disks  were  pressed  from  the 
corresponding  powders  and  sintered  at  1550'’C  followed  by  annealing. 

The  Mg^  2^^0  6^4  samples  doped  by  0.1  and  1  wt  X  of 

Cr^  wr*re  obtained  in  a  similar  way  by  precipitation  with  the 
addition  of  stoichiometric  quantities  of  aluminium  hydroxide. 


A. 


were 


The  MgAl^O^  Samples  containing  1  wt  %  of  Cr^ 
sintered  at  1100*C. 

The  dimensions  of  the  a  parameter  in  the  cubi  spinel  measured 
by  x-ray  diffraction  are  as  follows: 

G 

a  -  8.08  A  for  MgAl^O^ 

a  -  8.16  A 

a  -  8.44  A  Mg2Ti0i^ 

The  optical  measurements  were  made  by  using  an  experimental 
set“up  described  in  reference  [1^].  The  laser  was  a  Quantel  YAG-Nd 
pulsed  laser  followed  by  a  tunable  dye-laser  (repetition  rate:  10 
Hertz,  time-constant:  15  ns)  to  scan  the  required  wavelength.  The 
decay  curves  were  recorded  using  a  multichannel  analyser  Inter¬ 
technique  IN  90  with  a  resolution  of  2  ps. 

3.  RESULTS  AND  DISCUSSION 

a.  Emission  spectra 

4  4 

The  emission  spectra  under  590  nm  excitation  due  to  the  A^ 

transition  for  crystalline  samples  and  glass-ceramics  are  presented 

in  Figure  1-a  at  room  temperature  and  in  Figure  1-b  at  4.4  K.  We 

can  see  in  all  cases  that  the  emission  peak  at  longer  wavelengths  is 

more  intense  at  lower  temperatures.  The  R-lines  at  684.8  nm  observed 

by  Mikenda  in  spinel  samples  due  to  regular  octahedral  sites  are 

absent  in  our  samples.  This  indicates  that  the  single  Cr  ions 

are  positioned  in  distorted  symmetry  sites  peaking  at  688.2  nm  and 

691.8  nm.  The  additional  peak  around  705  nm  is  due  to  pairs  assigned 

fh) 

to  by  Mikenda  et  al .  As  expected  the  concentration  is  increasea 
for  pairs  at  lower  temperatures  as  evidenced  by  the  increase  of  the 
peak  around  70-5  4.4  K, 

The  spectra  of  Ac  «nd  Br  g]  ass-r'e^amirs  are  similar  to  the 

mixed  compound  Mg^  ^^i^  ^Al^  ^0^  and  MgAl^O^  but  do  not  resemble 

the  Mg  TiO.  .  No  peak  characteristic  for  Mg^TiO;  is  detected.  We 

3^  3'*’  '  i_ 

can  therefore  assume  that  the  Cr  replaces  the  Al  in  the 
octahedrally  distorted  sites  in  the  crystalline  phase  with  a  large 
degree  of  inversion.  7>»e  peak  at  around  705  nm  in  the  mixed  com¬ 
pound  which  was  also  detected  by  x-ray  in  the  glass-ceramics  can  be 
due  either  to  more  distorted  ions  or  pairs,  the  intensity  of  which 
is  higher  at  low  temperature  as  was  mentioned  above. 

In  the  Mg^TiO^  sample  the  emission  peek  of  Cr^  is  shifted 
to  longer  wavelengths  indicating  that  is  subjected  to  a  lower 

2  4 

ligand  field,  smaller  Dq  value  and  the  E  and  T^  levels  arc 
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closer  than  in  MgAl^O^  so  that  emission  may  occur. 

But  the  exact  position  of  Cr^  (substitutional  or  interstitial 
ctahedral  sites)  is  not  known. 

In  addition  the  time  resolved  spectra  of  glass-ceramics  under 
longer  wavelengths  (680,  684  and  69O  nm)  at  room  temperature  show 
that  the^  broad  band  observed  in  this  case  is  essentially  due  to 
^2  >  transition  as  can  be  seen  in  Figure  2. 

b.  Excitation  Spectra 


The  excitation  spectra  for  the  various  emissions  of  Cr^"^  in  glass- 

ceramics  Ac  and  Be  are  exactly  the  same.  They  are  presented  in 

a  4  4 

Figure  /.  They  arise  from  -->  transition  which  is  different 
for  different  sites  situated  at  a  different  ligand  field.  The 
shortest  wavelength  corresponds  to  the  highest  value  of  the  Dq 
parameter  which  is  similar  in  ruby  [1].  By  monitoring  the  -->  ^A^ 
fluorescence  at  686.1  and  696. 1  nm  (distorted  single  ions),  704.6  nm 
(pairs  and  distorted  single  ions)  and  the  ^T_  ^A.,  fluorescence  at 

790.6  nm  (Cr  doped  glassy  phase  and  Mg.^TiO,,  compound),  consti- 
tuents  of  the  ^2  '^2  ^^Q^sition  have  a  maximum  at  respectively: 

544.  555,  559,  and  620  nm.  We  note  also  the  evidence  of  energy 

transfer  between  the  distorted  single  Cr^*  and  pairs. 


,  4.  DECAY  MEASUREMENTS 

4- 

Figure  ^  presents  the  decay  profiles  on  a  semilog  scale  for  Cr^^ 

ions  in  glass-ceramics  Ac  and  Be.  spinel  MgAl^O^  and 

.2'^^0.2^^]  .6^4  temperature  under  590  nm  excitation.  The 

measurements  were  made  for  distorted  sites  at  688.2  and  691.8  nm  and 

for  715-7  nm  which  coincides  with  the  peak  of  Mg^TiO^.  The  decay 
profiles  at  4.4  K  have  already  been  presented  in  reference  [10]. 


No  significance  differences  were  found  in  the  shapes  of  decay 
profiles  between  4.4  K  and  room  temperature  for  glass-ceramics  Ac 
and  Be.  However  the  long  portion  corresponds  to  a  slightly  longer 
time  constant  from  10  ms  at  room  temperature  .to  13.5  ms  at  4.4  K 
(Figure  3“a  of  reference  [10]).  In  crystalline  spinel  the  decay  is 
almost  exponential  with  only  a  small  deviation  at  very  short  life¬ 


times.  In  glass-ceramics  the  deviation  from  exponentiality  is  much 
stronger,  the  exponential  portion  appearing  only  at  longer  life¬ 
times.  The  nonexponential  part  of  the  decay  curve  requires  addi¬ 
tional  analysis  in  connection  with  the  presence  of  multisites  and 
the  energy  transfer  mechanisms  between  them. 


A  . 
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The  longest  time-constant  of  t  *13  ms  is  detected  for  Cr^ 
ions  in  spinel  situated  at  almost  regular  octahedral  symmetry.  The 
single  ions  emitting  at  688.2  nm  and  691.8  nm  in  Ac  and  Be  glass- 
ceramics  with  longer  decay  times  have  a  higher  transition  probabi¬ 
lity  of  emission  since  they  are  situated  in  more  distorted  sites . 
The  distortion  of  the  mixed  compound  is  even  greater.  For  the  pairs 
emitting  at  715*7  nm  the  situation  is  similar  in  glass-ceramics  and 
in  the  mixed  compound  at  longer  time  but  not  at  shorter  time.  The 
shortest  time  constant  is  obtained  in  Mg2TiO^  (t  ■  G.8  ms)  with  a 
strong  deviation  from  the  exponential  at  the  beginning  of  the  decay. 
It  is  probably  the  result  of  energy  transfer  between  Cr^  ions  in 

4 

the  low  ligand  f ield  sites  and  pairs  and  the  evidence  of  T 

2 

emission  along  with  the  E  emission. 

The  general  exponential  behaviour  of  the  decay  curves  at 

longer  times  may  be  interpreted  by  the  emission  of  long  lived  sites 

2 

of  the  same  nature  to  which  energy  has  been  transferred  from  the  E 

level  of  other  sites.  As  mentioned  above  the  decay  curves  mainly 

2  4 

reflect  the  E  emission.  However  at  short  times  some  T2  emission 

may  be  hidden:  it  is  very  clear  in  the  case  of  Mg  TiO^. 

3+ 

In  this  way  we  do  not  have  a  random  distribution  of  Cr  ions 
and  also  have  shown  that  the  samples  contain  a  great  variety  of 
sites  with  different  ligand  field  strengths.  Therefore  the  inter¬ 
pretation  of  the  decay  kinetics  needs  a  more  refined  treatment 
taking  into  account  the  various  types  of  interaction  [15]- 

5.  CONCLUSION 

The  nature  of  the  emitting  sites  can  be  detected  from  different 
emission  spectra  at  various  excitation  wavelengths .  The  absence  of 
the  R-line  is  evidence  that  no  undistorted  sites  are  present  in 
glass-ceramics  and  synthetic  spinel.  The  distortion  is  the  highest 
in  Mg2TiO^  crystal  with  the  longest  emission  wavelength.  The 
distributiuon  of  ions  in  various  phases  favors  the  MgAl20^ 

in  the  spinel  type  glass-ceramics.  Energy  transfer  occurs  between 
the  short-lived  and  the  long-lived  sites  both  in  glass -ceramics  and 

4  2 

in  crystals.  The  simultaneous  emission  from  T2  and  E  states  in 
distorted  sites  of  the  glass -ceramics  make  them  a  good  potential 
material  for  tunable  lasers  [1]. 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Emission  spectra  of  different  samples  under  590  nm 
excitation:  a  -  room  temperature;  b  -  K 


Time  resolved  spectra  of  spinel  type  glass-ceramics 
excited  at  680  nm  at  room  temperature.  The  gate 
was  100  ps.  D  is  the  time  delay. 


Excitation  spectra  of  different  samples  in  the 
spectral  range  by  monitoring  fluoride  emission 
(T  *  4.4  K) . 
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ABSTRACT 

Laser  excited  emission  spectra  and  decay  curves  of  Cr  in 

galini  te-type  glass -ceramics  were  compared  with  those  in  gahnito 
crystals.  The  nature  of  the  Cr^  sites  is  determined  from  the 
positions  of  the  emission  and  excitation  peaks  and  from  the 

measurements  of  the  decay  times. 
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1 .  INTRODUCTION 


We  have  studied  recently  the  spectroscopy  of  Cr^^  in  gahnite-type 

glass-ceramics  of  the  composition  70.2  Si02;  15-0  AI2O2;  ZnO; 

7.1  hi20;  1.5  Ti02;  1.5  2r02;  0.3  AS2O2  doped  by  Cr^^  at  a  con- 

19  3 

centration  of  1 . 1  x  10  ^  ions/cm'^  and  found  very  high  quantum 

2  4  I4  4 

efficiency  of  the  E  — >  and  T2  — >  A2  emissions.  The 

4 

emission  from  T2  at  room  temperature  in  gahnite  when  excited  at 

625  nm  can  arise  either  from  the  glassy  phase  or  the  crystalline 

4 

phase  in  which  the  T2  is  of  equal  or  slightly  higher  energy  than 

2  2  4 

the  E  level.  The  simultaneous  emission  of  E  and  T2  is 

important  for  designing  tunable  lasers  based  on  broad  Cr^  emission 
[1,2].  In  the  present  paper  we  have  introduced  Cr^  into  gahnite 

crystals  and  the  Cr^  spectroscopy  of  these  crystals  is  compared 

with  that  of  gahnite-type  glass-ceramics.  The  temperature  depen¬ 
dence  of  the  emission  and  the  decay  curves  allow  us  to  identify  the 
levels  and  the  nature  of  sites  from  which  the  emissions  take  place. 


2.  EXPERIMENTAL 

The  gahnite  glass-ceramics  samples  were  prepared  from  a  glass  of 
starting  composition  70.2  Si02,  15*0  AI2O2,  4.4  ZnO,  7-1  Li20, 

1.5  Ti02,  1.5  Zr02.  O.3  As20^  mole  %  as  described  in  reference  3- 

3+  19 

The  glasses  were  doped  by  Cr^  at  a  concentration  of  1.1  x  10 

3 

ions/cm  . 
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Powdered  crystalline  samples  of  Cr^^  doped  ZnAl^O^  gahnite 

were  prepared  from  stoichiometric  ratios  of  Zn(N0^)2. 

A1 (NO^)- '9^p0  precipitated  by  ammonium  hydroxide.  The  precipitate 

was  heated  at  ^00  C  and  then  disks  pressed  and  sintered  for  ^8  hours 
0 

at  1100  C. 

The  lattice  constant  a  of  the  crystalline  ZnAlpO^  was  found  by 

c 

x-rays  to  be  8.O85  A. 

The  optical  measurements  were  made  using  an  experimental  set-up 
described  in  reference  4.  The  laser  was  a  Quantel  YAG-Nd  pulsed 
laser  followed  by  a  tunable  dye-laser  (repetition  rate  -  10  Hertz, 
time  constant  -  I5  ns)  to  scan  the  required  wavelength.  The  decay 
curves  were  recorded  using  a  multichannel  analyzer  Intertechnique  IN 
90  with  a  resolution  of  2  jjs . 

3.  RESULTS  AND  DISCUSSION 

Figures  la  and  lb  present  a  comparison  of  the  emission  spectrum  of 
Cr^**^  in  ZnAlpO^  excited  at  53^  nm  which  is  the  maximum  absorption 

4  4  3^^ 

peak  due  to  A^  — >  T^  transition  in  this  material  and  of  Cr 

in  gahnite-like  glass-ceramics  at  various  excitation  wavelengths  at 

4.4  K.  We  observe  the  R^-line  of  Cr^  at  686.2  nm  both  in 

ZnAlpO^  crystal  and  in  glass-ceramics  in  contrast  with  MgAl^O^ 

synthetic  crystal  and  glass-ceramics  where  no  such  line  appears  [5]- 

3  + 

The  appearance  of  these  lines  is  an  evidence  of  Cr  in  almost 
octahedral  symmetry  with  no  inverted  site  by  analog>^  with  the  work 
of  Mikenda  et  al  [6].  The  (688.6  nm)  line  seen  clearly  both  in 
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the  crystal  and  in  glass-ceramics  is  actually  ascribed  to  distorted 

Cr^  sites.  (692.3  nm)  has  much  lower  intensity  than  and 

is  seen  clearly  in  the  crystal  but  it  obscured  in  the 

glass-ceramics .  X  (^697*0  niD)  is  of  comparable  intensity  with  the 

line  in  the  crystal  and  lower  than  the  line  in  glass-ceramics. 

It  has  been  shown  by  Mikenda  to  decrease  with  the  concentration  of 

Cr  ions  [6j.  Therefore  it  has  to  be  ascribed  to  singly  perturbed 

ions.  group  of  lines  (705*0  to  715*0  nm)  can  be  ascribed  to 

distorted  Cr^  pairs.  In  the  crystal  three  distinct  lines  can  be 

seen  and  one  broad  band  in  the  glass-ceramics  as  evident  from  Figure 

lb.  The  intensity  of  these  bands  increases  at  lower  temperature  due 

to  increased  association  of  Cr^^  into  pairs.  The  existence  of  the 

pairs  was  also  seen  by  EPR  measurements  [7]. 

h  h 

The  excitation  spectra  due  to  -->  T^  transition  of  the 

various  emissions  at  4.4  K  are  presented  in  Figure  2.  The  excita¬ 
tion  peaks  shift  to  lower  energies  in  the  order  from: 


R^-line 

(686.2  nm) 

N^-line 

( 688 .6  nm ) 

X-lines 

(701. 

2  nm) 

4  4 

T  -->  A 
^2  ^2 

band 

(730.6 

nm) 

4  4 

2  ^2 

band 

(790.6 

nm) 

which  is  consistent  with  the  fact  that 

the  more  regular  Cr^^ 

sites 

are  subjected  to  higher,  and 

the 

pairs 

to  the  lower. 

field 

strengths . 


Figure  3  shows  the  time  dependence  of  the  emission  spectra  at 
4.4  K  under  570  nm  excitation.  The  R-line  has  the  longest  time- 
constant,  the  pairs  exhibit  the  shortest  time-constant  as  expected. 


*  32 


while  the  perturbed  ions  are  the  intermediate  case.  This  fact  is 

34 

also  evident  from  Figs.  4a  and  4b.  The  decay  times  of  Cr  in 
ZnAl^O^  are  presented  in  Figure  4a-B  and  C,  and  of  gahnite-type 
glass “ceramics  in  Figure  4a- A  and  Figure  4b-A-B-C .  The  slopes  of 
the  semilog  curves  for  the  crystal  are  exponential  in  most  cases, 
with  slight  deviation  of  the  exponentiality  at  very  short  times.  In 
the  glass-ceramics  the  deviation  from  exponentiality  occurs  at  much 
longer  time  intervals  The  decay  time  constants  may  be  obtained  from 
the  exponential  portions  of  the  curves  in  Figure  4.  The  extremely 
long  life-time  of  33  ®s  in  the  crystal  at  4.4  K  is  indicative  of  the 
very  high  symmetry  in  which  Cr^  is  situated .  It  also  resul ts 
from  energy  transfer  from  the  R-line  to  pairs  and  to  perturbed  ions. 
The  fact  that  the  long  time  portion  of  the  decay  curves  are  almost 
parallel  indicates  that  the  survival  probability  of  excited  state 
population  of  the  regular  octahedral  sites  controls  the  kinetics  of 
the  decay.  The  detailed  analysis  of  the  decay  kinetics  is  now  in 
progress . 


4.  CONCLUSION 


The  variety  of  emission  lines  in  the  gahnite-like  glass-ceramics  and 

3  + 

the  possibility  to  ascribe  these  lines  to  various  Cr  centers  can 

be  a  useful  tool  In  following  the  mechanisms  of  the  nucleation  of 

Q  ^  3* 

glass-ceramics  doped  by  Cr^  .  The  high  quantum  efficiency  of  Cr 

4  2 

emission  in  glass-ceramics  and  the  proximity  of  T^  a^d  E  levels 


in  the  distorted  sites  may  have  importance  in  desigijlng  tunah'U' 
lasers . 
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figure  captions 


FIGURE  1. 


Comparison  of  the  emission  spectra  of  Cr^  in 
at  *  532  nm  and  temperature  4.4  K  with 
gahnite  glass-ceramics . 
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la.  At  various  exci tation  wavelengths  and  temperature  4.4  K . 


lb.  At  *  53Z  nm  and  various  temperatures. 


FIGURE  2. 


Excitation  spectra  of  Cr  in  gahnite  gl  ass-cei'am  i  cs  at 
various  emission  wavelengths  at  4.4  K. 


F  I  3  •  Time  reso  1  \'ed  spec  t  ra  of  Cr^  in  gah.n  1 1  e  g  1  ass  -  ceram  :  r  s 

at  )  =  hyO  nm,  T  =  4.4  K. 
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FIGURE  4.  Decay  times  of  Cr  in 


4a  A  -  gahnite  glass-ceramics 


4b.  B  and  C  -  ZnAl^O^ 


4c.  A,B.C 


gahnite  glass-ceramics. 


